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ABSTRACT: Soil and ground water remediation projects require collection and
interpretation of large amounts of spatial data. Two-dimensional (2D) mapping
techniques are often inadequate for characterizing complex subsurface conditions at
contaminated sites. To interpret data from these sites, we developed a methodology that
allows integration of multiple, three-dimensional (3D) data sets for spatial analysis.  This
methodology was applied to the Department of Energy (DOE) Building 834 Operable
Unit at Lawrence Livermore National Laboratory Site 300, in central California.  This
site is contaminated with a non-aqueous phase liquid (NAPL) mixture consisting of
trichloroethene (TCE) and tetrakis (2-ethylbutoxy) silane (TKEBS). In the 1960s and
1970s, releases of this heat-exchange fluid to the environment resulted in TCE
concentrations up to 970 mg/kg in soil and dissolved-phase concentrations approaching
the solubility limit in a shallow, perched water-bearing zone.  A geospatial model was
developed using site hydrogeological data, and monitoring data for volatile organic
compounds (VOCs) and biogeochemical parameters. The model was used to characterize
the distribution of contamination in different geologic media, and  to track changes in
subsurface contaminant mass related to treatment facility operation and natural
attenuation processes. Natural attenuation occurs mainly as microbial reductive
dechlorination of TCE which is dependent on the presence of TKEBS, whose
fermentation provides the hydrogen required for microbial reductive dechlorination of
VOCs.  Output of the geospatial model shows that soil vapor extraction (SVE) is
incompatible with anaerobic VOC transformation, presumably due to temporary
microbial inhibition caused by oxygen influx into the subsurface. Geospatial analysis of
monitoring data collected over a three-year period allowed for generation of
representative monthly VOC plume maps and dissolved-phase mass estimates. The latter
information proved to be invaluable in optimizing and evaluating the remedial design and
performance.

INTRODUCTION
Environmental cleanup projects involve the collection and interpretation of large

amounts of interdisciplinary spatial data. These data are used to 1) characterize the nature
and extent of subsurface contamination, 2) develop cost-effective, media-specific
remedial strategies, 3) monitor the cleanup progress, and 4) demonstrate to regulatory
agencies that further risk to human health and natural resources is properly managed. The
ability to integrate different types of data  into a geospatial model of the subsurface is



crucial to the success of any soil and ground water cleanup effort (Bruckner and
Schneider, 2001).

In this paper, we present a geospatial model that was developed using EarthVision
software (Dynamic Graphics, Inc, 1999) to visualize and integrate multiple independent
data sets from a site that contains trichloroethylene (TCE) as a Dense Non-Aqueous
Phase Liquid (DNAPL). In addition to the primary volatile organic compound (VOC)
TCE, its daughter product cis-1,2 dichloroethene (cis-1,2-DCE) is also present as a result
of microbial reductive dechlorination activity. Previous studies have shown that the
microbial reductive dechlorination of TCE to cis-1,2-DCE can be linked to the presence
of TKEBS, that was released to the environment along with TCE as a mixture (Halden et
al., 1999).  Fermentation of TKEBS yields the hydrogen required for microbial reductive
dechlorination of VOCs This anaerobic process is inhibited by the influx of oxygen to the
subsurface during soil vapor extraction (SVE). A geospatial model was developed to
optimize the remedial design and evaluate the performance of the remediation system
(Gregory et al., 2001).

METHODS
Our approach to data analysis is based on the integration of different data sets into

a geospatial model using EarthVision to characterize and evaluate subsurface conditions.
The first step is to review the quality of each data set to ensure that it is representative of
subsurface conditions. The second step is an iterative process whereby the conceptual
model is repeatedly tested and improved as different data sets are integrated.  The third
step is a media-specific spatial analysis that includes saturated-unsaturated, low, medium,
and high hydraulic conductivity zones.

We used two types of models (structure and property models) for spatial analysis.
Structure modeling was used to analyze geologic, hydrologic, and ground water chemical
data. Property modeling was used to interpolate, visualize, and analyze the 3D
distribution of properties, such as soil contaminant concentration and hydraulic
conductivity, within each geologic unit. Five separate geospatial models were developed
to analyze data from the Building 834 site. The five models include, three structure
models (geologic, hydrologic, and dissolved contaminant distribution) and two 3D
property models (lithology and soil contaminant distribution).  These models were
incorporated into a comprehensive contaminant-hydrogeologic model to optimize
remedial design, and to evaluate treatment system performance and intrinsic
bioremediation.

ANALYSIS
Property Modeling for Remedial Design Optimization. A lithologic property model
was developed to characterize the 3D distribution of high-, medium-, and low-K
materials. These lithologic groupings are based on visual inspection of core samples
collected from 30 boreholes drilled to a maximum depth of 90 feet.  Each lithology was
assigned a numerical value for spatial interpolation using a minimum-tension gridding
algorithm.

A second property model was developed based on the 3D distribution of soil
contaminant concentrations.  Two separate data sets were incorporated into the soil
contaminant property model: 1) soil chemical concentrations (TCE in mg/kg) from over



300 soil samples, and 2) passive soil vapor data using GORE sorbers.  Only non-detect
GORE sorber data were used to accurately define the outer limits of soil contamination.

These two 3D property models were integrated into a soil contaminant
distribution model to characterize the 3D distribution of contaminants and estimate soil
contaminant mass in the three lithologic zones.  Results from the soil contaminant model
are presented in Figure 1A and 1B.  Figure 1A shows the distribution of soil
contaminants in the high-K zones and Figure 1B shows the distribution in the low-K
zones. The soil property data are presented on these images as color-coded well tubes and
the distribution is shown as color-filled shells of equal soil concentration.

A) B)
FIGURE 1. Combined soil contamination and lithology models showing

A) high-K and B) low-K zones.

As a result of this analysis we selected media-specific remedial technologies that
are based on contaminant mass estimated for each soil type (high-, medium-, and low-K)
using property volumetric analysis (Figure 2). The region displayed in Figure 1A
represents the primary target for SVE.  New targets for SVE were identified and
additional SVE wells are now planned.  The presence of high soil contaminant
concentrations in clay-rich, low-K zones (Figure 1B), limits the effectiveness of the
current treatment system because these zones function as long-term sources.  Innovative
remediation techniques, such as enhanced bioremediation, may be required to cleanup
these zones.

Contaminant-Hydrogeologic Modeling for Remedial Performance Evaluation.  A
contaminant-hyrdrogeologic model was developed to evaluate the performance of the
ground water and SVE system. From January 1998 to December 2000, dissolved
contaminant mass changes related to ground water storage and treatment system
operations were tracked.



FIGURE 2. Relative distribution of contaminant mass in different geologic media
and selected media-specific remedial strategy.

The geologic model is based on integrating surface and subsurface geologic data,
including lithologic descriptions from borehole samples and continuous cores,
geophysical logs, optical televiewer data, and outcrops. The geologic model contains
three layers.  In descending order: 1) a 20- to 30-foot thick sand and gravel layer, 2) a 10-
to 20-foot thick clay layer or perching horizon, and 3) a bedrock layer. The hydrologic
model is based on rainfall and representative ground water elevation data collected from
wells screened in the water-bearing sand and gravel layer. Water level data from each
well were examined to develop representative hydrographs that reflect formation
conditions. The purpose of the hydrologic model is to characterize spatial and temporal
changes in extent of saturation and ground water storage for volumetric analysis. The
contaminant distribution model is based on representative ground water chemical
concentrations. Chemical data from each well were examined to develop representative
time-series plots of various chemical and biogeochemical parameters. The purpose of the
contaminant distribution model is to track spatial and temporal changes in dissolved
phase VOC mass. A volumetric analysis was performed using the saturated thickness
from the hydrologic model and contaminant distribution from the contaminant model.
Figures 3A and 3B depict the distribution of dissolved Total VOCs and cis-1,2-DCE
during unstressed and stressed conditions.



FIGURE 3.  Maps of ground water elevation, Total VOC, and cis-1,2-DCE for
A) unstressed and B) stressed conditions.

RESULTS
Remediation System Performance Evaluation. The results of volumetric analysis and
dissolved-phase contaminant mass tracking are presented as two time-series plots in
Figures 4A and 4B. Figure 4A shows that dissolved contaminants reached a maximum
level of 82 kg in March 1998 following the El Niño rainfall events of January and
February.  Following these events, the treatment facility was operated from May 1998 to
June 1999, on an 8-hour/day and 5days/week basis. Volumetric analysis indicates that
dissolved contaminant mass decreased by 59 kg or 72% between May 1998 and May
1999.  Treatment facility mass removal data, shown in Figure 4B, indicate that 9 kg of
VOCs were removed by ground water extraction and 23 kg were removed by soil vapor
extraction, yielding a total of 32 kg removed.  The difference between the mass removed



by the treatment facility and the estimated reduction in dissolved-phase mass indicates
that a significant amount of the VOC mass remains in the vadose zone as water levels
decline.

From August 1999 to January 2000, the treatment facility was operated on a
continuous 24-hour basis. Volumetric analysis indicates that subsurface dissolved-phase
contaminant mass decreased by 6.5 kg from 15 kg in August 1999 to 8.5 kg in January
2000.  Treatment facility mass removal data indicate that 2.5 kg of VOCs were removed
from extracted ground water and 36 kg were extracted in the vapor phase, yielding a total
of 38.5 kg removed. These data indicate that nearly all of the mass removal was
accomplished by the SVE system.  Of the 36 kg removed in the vapor phase, 4 kg was
removed via volatilization of contaminants dissolved in ground water and the remaining
34.5 kg was removed from the vadose zone.

Evaluation of Intrinsic Bioremediation.  Treatment facility operations were temporarily
discontinued to evaluate the extent of natural VOC attenuation processes, mainly intrinsic
bioremediation.  Two intrinsic bioremediation evaluation tests were conducted under
different seasonal conditions; the first under dry, summer conditions, and the second
under wet, winter conditions. During both tests, rapid changes in Eh, dissolved oxygen,
and cis-1,2 DCE concentrations were observed in specific wells.  These wells are located
in areas (intrinsic biotreatment areas) that contain TCE mixed with the silicon-based oil,
TKEBS.  TCE concentrations in the intrinsic biotreatment areas decreased by one to two
orders of magnitude, while cis-1,2-DCE concentrations increased by the same magnitude.
Evidence of anaerobic dechlorination beyond cis-1,2-DCE (e.g., vinyl chloride),
however, was not observed at 100 µg/L  detection limit.

During the summer test, treatment facility operations were discontinued for about
two months, from mid-June to mid-August, 1999.  As shown in Figure 4B, a significant
decrease in dissolved VOC mass (6.5 kg) was observed that may be partly or entirely due
to intrinsic bioremediation. The winter test was conducted from February to May 2000
during rainfall events. As shown in Figure 4B, dissolved-phase VOC mass increased
from 8 kg to 24 kg during the first three months of the test and then remained relatively
constant until May. The increase in dissolved VOC mass is mainly due to increase in
ground water storage and source dissolution.

CONCLUSIONS
We developed a geospatial model to visualize subsurface data, optimize remedial

design, and evaluate remedial performance at a complex site where ground water and soil
vapor extraction and treatment technologies are being used to clean up a DNAPL-source
area. Spatial analysis resulted in new targets for SVE and identified significant
contaminant mass in fine-grained, clay-rich sediments, which will require enhanced
remediation techniques for cleanup. Geospatial modeling was also used to evaluate
remedial performance by tracking changes in dissolved VOC mass in ground water
related to treatment facility operations, source dissolution, and natural attenuation
processes.



FIGURE 4. Time-series plots of A) dissolved-phase volatile organic compound mass
remaining in ground water and B) treatment facility cumulative mass removal data.



Intrinsic bioremediation was evaluated under both summer and winter conditions.
Although intrinsic bioremediation occurs within limited biotreatment areas, significant
overall mass reduction was observed during the summer test. An observed net increase in
dissolved-phase mass during the winter rainfall and recharge events, however, most
likely is due to source dissolution rates that far exceed the rate of VOC loss caused by
intrinsic bioremediation.  An expansion of the biotransformation zone via nutrient
addition (enhanced bioremediation) may be a viable remedial alternative for final cleanup
at this site, once the current treatment technologies are no longer cost effective.
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